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Abstract 

Commercially available gases contain residual impurities leading to a background oxygen partial pressure of typically 
several 10~® bar, independent of temperature. This oxygen partial pressure is inappropriate for the growth of some 
single crystals where the desired oxidation state possesses a narrow stability field. Equilibrium thermodynamic 
calculations allow the determination of dynamic atmosphere compositions yielding such self adjusting and temperature 
dependent oxygen partial pressures, that crystals like ZnO, Ga203, or Fei_a:0 can be grown from the melt. 
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1. Introduction and thermodynamic 
background 

Crystal growth is often performed from melts 
contained in crucibles, e.g. by Czochralski or Bridg- 
man technique. Chemical compatibility of the sub- 
stance to be grown, the crucible material, and other 
constructional elements under the given tempera- 
ture T and atmosphere is an inevitable prerequisite 
for the establishment of stable growth conditions. 
In case of metal oxides MeO„i/2 ("^ = — 8 is 
the valency) usually crucibles made of another 
metal Me with high melting point Tf are used: 
platinum (Tf = 1770 °C), iridium (Tf = 2443 °C), 
and tungsten (Tf ~ 3407 °C) are typical examples. 
(Thermodynamic data are taken from the FactSage 
databases [1] throughout this article.) Unfortu- 
nately, the chemical stability of these refractory 
metals drops with rising Tf . 
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The chemical stability of all components is gov- 
erned by thermodynamic equilibria if the tempera- 
ture is sufficiently high: this is usually true for T ^ 
800 — 1000 °C. In such cases the behavior of systems 
containing only pure condensed phases can be pre- 
dicted easily considering redox reactions 

2 MeO,„/2 + 1 O2 ^ 2 MeO(„,+i)/2 (1) 

for all metals Me (crucibles) or metal oxides MeOa; 
(substances to be grown, insulating ceramics). The 
description of the system by ([T|) for the Me , Me ,. . . 
is almost correct even if some of them are forming 
condensed phases with more then one metal (e.g. 
melts of several oxides, intermediate compounds 
MeMe'O:^, or solid solutions (Me,Me')02;), as the 
formation enthalpy of such phases from the McOx 
is often small compared to AH for H]). 

At equilibrium AG for ([T]) vanishes. If moreover 
the vapor pressures of the metals and their oxides 
can be neglected compared to the oxygen partial 
pressure , one finds for the equilibrium constant 
K of reaction ([1]) 
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- RTlnK = i?T In P02 = AG" = AH" - TAS°{2) 

where AG" is the standard free energy change of 
(P). As AH° and AS*" change usuaUy weakly with T 
it is obvious from ^ that plots of AG" = RT lnpo2 
vs. T ("EUingham diagrams") are straight lines for 
each oxidation reaction. These lines separate phase 
regions where one oxidation state prevails and the 
whole graph represents a predominance phase dia- 
gram for the corresponding metal Me and its ox- 
ides |2|3j . EUingham and other predominance dia- 
grams can be calculated either manually from tab- 
ulated AH°, AS" [1] or with software packages like 
FactSage or Thermocalc |1I5| , respectively, and are 
discussed in more detail elsewhere j2|7|8j . 
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Fig. 1. Predominance diagram W-O2 showing stability re- 
gions for tungsten (2 condensed pliases), tungsten(IV) ox- 
ide (1 condensed phase), tungsten(VI) oxide (3 condensed 
phases), and gas (no condensed phases). 

Fig. [1] shows an EUingham diagram for the sys- 
tem tungsten-oxygen where transitions between 
different oxidation states ([T]) are indicated by in- 
clined lines and transformations between different 
pure phases (e.g. triclinic P-WO3, tetragonal a- 
WO3 [6], and liquid WO3) as vertical lines. It will 
be shown in the following that these diagrams are 
powerful tools for the manipulation of oxidation 
states during high T crystal growth processes. 

2. Crystal growth of oxides 

2.1. General considerations 

It is an inherent result of ^ and ^ that P02 
may never be zero to keep any metal oxide thermo- 
dynamically stable. If P02 is too low Q is shifted to 
the left hand side resulting in an oxide with lower 



oxidation state. For sufficiently low po.^ , finally the 
metal (valency m = 0) is formed. 

"Pure" argon or nitrogen are often reported as 
"inert" gases to be used during crystal growth pro- 
cesses. "Pure" means usually 5N gases: Actually 
such gas represents a mixture of 99.999% gas (e.g. 
Ar, N2) 4- 0.001% (lOppm) impurity. This impu- 
rity is not well defined, but could e.g. be air (ca. 
21% O2 + ca. 79% N2). In this case, 5N nitrogen 
with total pressure p = 1 bar can be described 
as a constant admixture of « 2 x 10 ^ bar O2 in 
nitrogen, po^ = 2 x 10~^ bar is too high for the 
growth of (La,Sr)(Al,Ta)03 (LSAT) crystals that 
are dark-red colored in the as-grown state and can 
be bleached by annealing in II2 [9]. Other oxides 
are unstable at elevated T under too low P02 j ^^'^ 
typically minor amounts of oxygen are added to 
the gas: Lai.^Nd^^^GaOg from N2 + 1% O2 [10]; 
Sm3Ga50i2 or Gd3Ga50i2 from N2 with 0.9 or 
1.5% O2, respectively [11]. The influence of oxygen 
partial pressures from 2 x 10~^ bar to 1 x 10"^ bar 
on the color of melt grown SrLaGa04 and SrLaA104 
was described by Pajaczkowska ct al. |12I13| . 
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Fig. 2. Full lines: Minimum oxygen pressures P02 C^) that 
are necessary for the stabilization of several metal oxides 
(decomposition products for too low P02 given in brackets). 
Dashed lines: Equilibrium values P02 (^) that are created by 
several gases or gas mixtures (p = 1 bar) . 

Obviously, by addition of O2 to the growth at- 
mosphere only a constant (independent of T) par- 
tial pressure w 2 x 10"^ bar < P02 ^ 1 bar can 
be maintained. In Fig. [2] the level of the upper ab- 
scissa with P02 — const. = Ibar represents pure 
oxygen and the horizontal dashed lines represent air 
(PO2 = const. = 0.21 bar) or 5N argon with lOppm 
air, respectively. As the reactions ([T]) are mainly 
exothermal, the P02 that is required to stabilize a 
specific McOj; rises usually with T . Fig. [2] dcmon- 
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stratcs this for LU2O3, AI2O3, Ga203; ZnO, and 
Bi203. These oxides are stable for allpo2(2^) above 
the corresponding hnes and tend to decompose to 
the species given in brackets for lower oxygen partial 
pressures. The stability of the oxides listed above 
requires growing ■ 

The gaseous oxides CO2, CO, and H2O decom- 
pose with T like the reverse reaction of ([T]) 

CO2 ^ CO + i O2 (3) 

C0^C + i02 (4) 

H20^H2 + i02 (5) 

C + 2 H2 ^ CH4 (6) 

and lead to the production of oxygen if T rises. 
The reaction partners of ©-(O and methane CH4 
are combined e.g. by ([5]). Fig.[2]shows that mixtures 
of CO2, CO, and CH4 allow to adjust P02 over more 
than 10 orders of magnitude. Moreover, po^ (T) for 
such atmospheres changes similarly to many MeOx- 
An appropriate gas composition can provide a "self 
adjusting" oxygen partial pressure that keeps the de- 
sired oxidation state thermodynamically stable over 
an extended T range. 

2.2. Examples 

Gallium(III) oxide: Tomm et al. [14] reported 
the first successful Czochralski growth of /3- 
Ga203. The melting point Tf = 1795 °C g] is 
well beyond the stability limit of platinum, and 
hence Ir crucibles had to be used. Already in the 
proximity of the Ga203 stability limit (at Tf: 
PO2 ^ 10~^ bar. Fig. [2|) the evaporation, under 
formation of suboxides GaO and Ga20, becomes 
remarkable. At cooler parts Ga(I)20 tends to 
sublimate and dissociate under formation of 
Ga(III)203 and Ga metal. The latter easily alloys 
with Ir and destroys the crucible. A sufficiently 
large oxygen concentration is known to suppress 
suboxide formation, but does unfortunately affect 
Ir by oxidation - especially in colder parts of the 
setup (e.g. afterheater) . An atmosphere of 90% 
Ar -I- 10% CO2 supplies a P02 (T) that enables 
crystal growth without affecting Ir crucibles. 

Ti:sapphire: Under ambient conditions titanium 
forms the stable Ti^+02, but lasing in Ti:sapphire 
is obtained by Ti-^^ and is suppressed by Ti'^+- 
Ti''^ pairs [T3]. Usually, AI2O3 crystals with tita- 
nium doping are grown in vacuum and the desired 
Ti'^"'' is obtained by subsequent annealing in a re- 



ducing atmosphere (e.g. H2 or CO). One should 
keep in mind that the term "vacuum" means a 
state that is not well defined from the thermo- 
dynamic point of view - always some residual 
PO2 will be present depending on level of vacuum 
and composition of the residual gas. Uecker et al. 
|16ll7j proposed an alternative technology based 
on Ar/CO mixtures with p ~ 20mbar that al- 
low the adjustment of the oxygen partial pressure 
po (O atoms are in excess of O2 molecules un- 
der the growth conditions) to the desired range 
2.0 X 10"* < Po (bar) < 2.3 x lO"'^. 

Iron(II) oxide: Depending onpo2: T, and chemi- 
cal environment, iron acquires usually the oxida- 
tion states Fe" (Fe metal, carbonyl Fc(C0)5, car- 
bide Fe3C), Fe2+ (wustite Fci.^rO), Fe^+ (hema- 
tite Fe2 03), Fe''+ (strontium ferrate (IV) SrFe03 
dH]), or Fe6+ (potassium ferrate(VI) K2Fe04 
[T9]V Magnetite (iron(II,III) oxide Fe304) has 
a large stability field {po2 1 T) under mildly ox- 
idizing conditions, whereas the stability field of 
wustite is small and restricted to ^ 10~® bar 
that can hardly be maintained under the con- 
ditions of crystal growth from the melt in the 
technically available "inert" gas. Residual oxygen 
within Ar (99.999% purity) is sufficient to oxidize 
wustite to magnetite [20]. Contrarly, the oxygen 
partial pressure P02 (T) of a gas mixture 85% Ar, 
10% CO2 + 5% CO is "self adjusting" over an 
extended range AT > 1000 K which allows the 
growth of wustite (Tf = 1371 °C) as well as olivine 
(Mg,Fe2+)Si04 (Tf « 1890°C) crystals [21]. 

Zinc oxide: The triple point of ZnO is 1975 °C, 
1.06 bar. Fig. [2]shows that the sensibility of ZnO 
with respect to reduction is intermediate com- 
pared to Ga203 and Bi203. Fortunately, the 
P02{T) supplied by CO2 is sufficient to stabilize 
ZnO. In companion papers was reported recently 
on the melt growth of ZnO boules from Ir cru- 
cibles in a Bridgman-like setup 122123124125] . 
During crystal growth T gradients must be estab- 
lished, hence compatibility of the materials must 
be guaranteed over a certain T range. Fig. [3^ 
shows that any fixed mixture of Ar and O2 will 
not stabilize iridium metal Ir(s) and solid or liquid 
zinc oxide (ZnO(s), ZnO(liq)) for an extended T 
range. For T < 1300 °C Ir would oxidize to Ir02. 
In contrast. Fig. [SJd shows that CO2/CO mix- 
tures with > 90% CO2, including pure CO2, can 
stabilize Ir together with ZnO in both condensed 
phases over the entire T range of importance for 
melt growth. 
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Fig. 3. Stability regions of phases in the system Zn - Ir - 
O - C - Ar in the coordinates gas composition vs. T for a 
total pressure p = 10 bar. a) for gas mixtures of O2 and Ar. 
b) for gas mixtures of CO2 and CO. 



3. Conclusion 

It is often reported that crystal growth experi- 
ments are performed in an "inert atmosphere" . This 
term is vague, as each gas that is technically avail- 
able, including noble gases, contains residual impu- 
rities resulting in a small and often unknown resid- 
ual oxygen partial pressure. Often the residual gas 
is air, resulting in po^ « 2 x 10^^ bar. Without giv- 
ing a quantitative explanation, Mateika and Rusche 
[26j reported that the mass loss of an empty Ir cru- 
cible heated to 1750 °C was in pure CO2 by ca. 40% 
lower compared to an atmosphere of 98% N2 + 2% 
O2. A quantitative thermodynamic treatment shows 
that dynamic atmosphere compositions, where oxy- 
gen is produced by equilibrium chemical reactions 
between gases, can produce variable (T) in such 
a way, that the specific oxidation state to of a de- 
sired MeO„i/2 is stable over the whole T range of the 
crystal growth process. Moreover, properly chosen 
atmospheres based on CO2 allow the application of 
Ir crucibles under highly oxidative conditions. Such 
conditions allow the growth of oxides like ZnO which 
would otherwise easily be reduced to the metal. 
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